Introduction
Since the discovery of superconductivity in the Bi-Sr-Ca-Cu-O system [1, 2] , many works have been performed in the development of practical applications of these materials. As it is well known, applications such as current leads or current limiters should involve high electrical carrying capacity [3] . Different strategies have been used in order to obtain high-performance superconducting materials, as synthesis methods [4] , doping [5] , and texturing [6] . Among all these approaches, the production of highly oriented superconducting grains has been shown as the most adequate for carrying high current densities at 77 K [7, 8] . Among all the High-T C superconductors, Bi 2 Sr 2 CaCu 2 O 8+δ (Bi-2212) materials have demonstrated that they are suitable for many applications when they are properly processed in order to obtain a good grain alignment [9, 10] . A established technique for rapidly produce well textured BSCCO rods from a melt is the Laser Floating Zone (LFZ) method, as reported in previous works [11] [12] [13] [14] . The microstructure of the superconducting materials is characterized by a good alignment of the grains, with their a-b planes quasi-parallel to the growth direction [15, 16] . This high degree of texture leads to a very important increase of the transport properties, as J C , due to the reduction of the number of low-angle junctions [17] .
One of the drawbacks found in the Bi-2212 superconducting materials is the low slope of the superconducting to normal transition on the electrical current curve, E-I. This characteristic imposes severe limitations for its application as fault current limiters. The usual solution to overcome this problem is based on the use of samples with long lengths. Another possible way is the cationic substitution, which could introduce effective flux pinning centers and increase the slope of the E-I curves [18] . The partial substitution of Bi by Pb has shown to be useful to increase the intragranular pinning properties in single crystals, leading to the enhancement of both irreversibility field and critical current density [19, 20] . In some studies, Pb substitution for Bi has decreased the anisotropy of the Bi-2212 phase at high temperatures [21] . These Pb-doped crystals are composed by two alternating Bi(Pb)-2212 phases (α and β) with different Pb content [22] . The α phase exhibits a modulated structure with a nominal Pb content around 0.4, while the β one is a modulation-free structure and has higher Pb content, about 0.6 [22] . The interfaces between these two phases are extended planar defects, which can act as strong flux pinning centers [22] . The best pinning properties in this Pb-doped system can be found in the combination of a dominant β phase strengthened by α/β interfaces [20] .
This optimal phase combination has been obtained for an effective Pb substitution of 0.33 [20] . These promising results obtained in single crystals have not been successfully achieved in polycrystalline systems, as bulk and tapes, with this doping [23] [24] [25] [26] .
The aim of this work is to study the influence of Pb doping on the transport properties of Bi-2212 superconducting materials produced by the laser floating zone technique. The cylindrical precursors for the LFZ were produced by a melt quenching technique which allows the rapid and simple production of long vitreous cylinders with high dimensional homogeneity. In order to study the mechanical integrity of these rapidly quenched materials, a mechanical characterization has been performed (flexural strength). On the other hand, the sharpness of the superconducting to normal transition of the E-I curves (using the power law E ~ I n ), were determined in the textured samples in order to study their applicability as fault current limiters.
Experimental
Vitreous cylinders with nominal carbonates before the melting process, as reported in previous works [27] . The prereacted mixture was subsequently placed in a Pt crucible at temperatures between 1050 and 1100 ºC during at least 1 h in order to get a homogeneous melt. The liquid was then introduced in a silica tube (2 mm internal diameter and 250 mm length) using a vacuum pump, producing a rapid solidification inside the tube which leads to the formation of vitreous cylindrical precursors as described in detail in [28] . These precursors were mechanically characterized using three point bending tests in a Instron 5565 machine with a 10 mm loading span fixture and a punch displacement speed of 30 µm/min. The data obtained have been evaluated through the Weibull distribution to determine the reproducibility of the samples. Moreover, SEM micrographs of the fractured surfaces were recorded in a JEOL 6000 SEM microscope, and associated with their respective mechanical properties.
The vitreous cylinders were also used as feed in a LFZ system [29] to produce textured ceramic rods. The texturing process has been performed using a continuous power (CW) Nd:YAG laser (λ = 1064 nm) in air atmosphere, with a growth rate of 30 mm/h. Moreover, the seed was rotated clockwise at 15 rpm in order to maintain the thermal and compositional homogeneity of the molten zone while the seed was rotated anticlockwise at 3 rpm to keep the cylindrical shape in the textured materials. In these growth conditions, it has been found that adjusting the laser power output to obtain a stable molten zone between 1-1.5 times the rod diameter, the solidification front can be stabilised to produce homogeneous textured cylinders.
As it is well known, Bi-2212 superconducting ceramics present an incongruent melting, producing a number of secondary phases upon solidification (as Bi-2201, CaCuO 2 , Sr 1-x Ca x CuO 2 , ...) [30, 31] . As a consequence, it is necessary to perform a thermal treatment in order to produce the Bi-2212 phase from the secondary ones. This process was performed in air atmosphere and consisted in two consecutive steps. The first step was fixed in 60 h at temperatures ranging between 835 and 850 ºC due to the fact that previous studies have shown that the best properties for the 0.4 Pb samples were obtained in previous works at 835 ºC [32] . Furthermore, 850 ºC has been chosen as the upper temperature limit as for the higher Pb-doped samples, an important amount of liquid phase is produced [33] . In this step, the Bi-2212 phase is produced by the reaction between the different secondary phases. The second step consisted in 12 h at 800 ºC, in order to adjust the oxygen content in the superconducting phase and maximize its electrical properties, followed by a quench to room temperature in air. Before these thermal treatments, the samples were cut with the adequate dimensions (∼ 4 cm long) and Ag contacts were painted for the electrical measurements. After the thermal procedure these contacts have typical resistance values below 1 µΩ.
Microstructural characterization was performed on polished longitudinal crosssections of samples in a scanning electron microscope (JEOL 6000 SEM) equipped with an energy dispersive spectroscopy (EDS) system. Electrical characterization was performed using the standard four-probe configuration.
Resistivity as a function of temperature, from 77 to 300 K, was measured using a dc current of 1 mA, in order to determine the transport T C values. Transport critical current density (J C ) values were determined at 77 K using the 1 µV/cm criterion. Moreover, J C values of the undoped, 0.3, and 0.4 Pb doped samples, have been determined between 65 and 77 K by pumping liquid nitrogen [24] .
From the E-I curves, the variation of the slope of the normal to superconducting state as a function of temperature was determined using the power law E ∼ I n in the transition region.
Results and discusion

Vitreous materials characterization
The mechanical characterization of the different Pb-doped samples has been performed in at least 75 samples for each composition. The mean maximum stress (σ max ) together with their standard errors, are displayed in Table I . As it can be observed from these data, the σ max tends to decrease when the amount of Pb is raised. Moreover, the dispersion of results (evaluated as the standard error) increase in all Pb doped samples, compared with the undoped ones.
Furthermore, with all the obtained data a Weibull distribution has been made for each composition following the procedure described in [34] . In Fig. 1 , the Weibull plot for the undoped samples is displayed as a representative example, and the obtained m values for the different samples are shown in Table I . As it can be easily deduced from these data, the samples reproducibility is increased when the Pb content is raised, as indicated by the Weibull parameter. In order to explain the scattering of these data, fractographical studies were performed on the fractured surfaces of the samples. In Fig. 2 , typical and representative fractures corresponding to low (a), mean (b) and high (c) strength Bi-2212 undoped samples are displayed. From these images, it can be deduced that the presence of small porosity (indicated by #1 in Fig. 2a ) produced during the solidification decreases the three point bending strength of these samples (usually below 100 MPa). This is due to the reduction of the effective cross section of these samples induced by the presence of porosity. In the case of samples with σ values around the mean ones (between 100 and 200 MPa), no defects have been identified in the fractographical study (see Fig. 2b ). On the other hand, the highest strength has been obtained in samples which present small precipitates (typically cuprate phases, indicated by #2 in Fig. 2c ) close to the region where the crack begins. This effect is due to the deflection produced by these precipitates on the crack propagation, leading to very high strength (over 200 MPa).
Textured and annealed materials characterization
After the growth processes, the samples were annealed at different temperatures between 835 and 850 ºC. It has been found that some samples were molten down at temperatures > 840 ºC due to an excessive liquid phase formation during the annealing process. Moreover, electrical characterization has shown that 0.5 Pb doped samples were not superconducting at 77 K. As a consequence, only the results obtained at the annealing temperature of 835 ºC will be discussed in the following paragraphs.
The typical microstructure obtained in all the samples after annealing is presented in Fig. 3 , where representative longitudinal polished sections are shown. From these micrographs, it can be easily seen that undoped samples possess nearly Bi(Pb)-2212 single phase (grey contrast, #1 in Fig. 3a) . its Pb content, closer to the α phase found in previous works [22] . Moreover, the relatively low T C found for the undoped samples is due to the low annealing temperature, compared with the one used in other works for this kind of polycrystalline bulk ceramics [36] . On the other hand, as reported in previous works [32] , transport J C dramatically increases when temperature is decreased below 77 K. As a consequence, the J C values for the best samples (undoped, 0.3, and 0.4 Pb doped samples) were determined between 77 and 65 K and displayed in Fig. 4 . As it can be observed in the graph, critical current density increases linearly in all cases when temperature is decreased. Moreover, the slope of these lines is much higher for the pure samples than for both Pb-doped ones due to the best microstructure found in the pure samples. On the other hand, it can be also observed that the 
Conclusions
